In this study, biomechanical properties of porcine pericardium and aortic valvular leaflet tissue were comparatively investigated in tensile tests. Fresh porcine pericardium and aortic valves were harvested from domestic pig cadavers. Specimens were prepared from either native or glutaraldehyde-fixed tissue. Uniaxial tensile testing was conducted in physiological saline solution at 37°C. The results show a clear distinction regarding the biomechanical behaviour of native pericardium and aortic valvular leaflet tissue. It could be demonstrated that the implemented fixation process can influence the properties of native pericardium towards the biomechanical behaviour of aortic valvular leaflet tissue.
Introduction
Since biological heart valve prostheses have been introduced in the 1960s, different approaches towards the optimal tissue resource have been investigated. Biological heart valve prostheses typically employ bovine pericardium or porcine aortic valve tissue. Recently, porcine pericardial tissue is increasingly applied in percutaneous heart valve prostheses, which is mainly due to its reduced thickness and versatile processability. In this study, biomechanical properties of native and glutaraldehyde-fixed porcine pericardial and aortic valvular leaflet tissue were investigated in uniaxial tensile tests to compare their biomechanical properties.
Methods

Sample preparation
Native porcine pericardium and aortic valves were harvested from domestic pig cadavers at the Leibniz Institute for Farm Animal Biology (Dummerstorf, Germany) and transported to the laboratory stored in 0,9% saline solution. The specimens were removed within 1 hour after the tissue was harvested. Pericardial sacs and aortic valves from female animals (age 6-8 months, weight 110-122 kg) were used. The sacs were divided into two groups. One group of the fresh pericardial sacs was rinsed for 20 min a sodium chloride solution, and subsequently fixed over 24 h in 4 % glutaraldehyde (GA), prepared in 0,1 M phosphate buffer, pH 7.3 [2] . After cascaded rinsing in ethanol (30/50/70/96/100%), strips with a width of 5 mm and a length of 30 mm were prepared from the tissue. In the second group, fresh pericardial sacs were used to cut rectangular strips along the orientation of the vertical anatomic cardiac axis. The valvular tissue was prepared in circumferential direction. Specimens were prepared in two sizes (width x length): 3 mm x 21 mm, and 5 mm x 30 mm (n = 12 in each group).
Uniaxial tensile tests
Uniaxial tensile testing was carried out on a Zwicki ZN 2.5 (Zwick GmbH & Co. KG, Ulm, Germany). During the tensile tests the samples were submersed in physiological saline solution at a temperature of 37°C. The experimental procedure was set up according to Lim and Boughner (1975) [1] . Testing was conducted with different sample widths and different strain rates (1/12/50 mm/min), and different preparations of the pericardial samples were tested comparatively to aortic valvular leaflet tissue. The data were analyzed with respect to elongation at 0.5 MPa tensile stress, secant and final modulus [1] , ultimate tensile strength and elongation at break.
Results
Stress-strain behavior of pericardial tissue: Dependence on sample width and strain rate
In Image 1, top, the stress-strain behavior is shown for two different sample widths; the red graph corresponding to 3mm width and the blue graph to 5 mm. The specimen aspect ratio was identical in both groups. Both graphs show the same trend and differ only slightly, as indicated by the standard error. Since no pronounced dependence on sample width was identified, subsequent measurements were done with 5 mm sample width, which can be prepared easier and more uniformly. In Image 1, bottom, the strain rate is varied from 1 -50 mm/min for a sample width of 5mm. Although deviations between the curves are slightly more pronounced, the stress-strain response shows no significant dependence on strain rate within the limits of statistical spread the investigated range.
Mechanical properties of porcine valvular leaflets vs. pericardial tissue
The results are shown in Image 2, the black graph referring to aortic valvular tissue, the red graph referring to native pericardium, and the blue graph to GA-fixed pericardium. All graphs were averaged over at least n = 8 samples. Native porcine aortic valvular leaflet samples show a roughly linear behavior until sample failure at approx. 15 % strain. However, the native pericardium shows a strongly different stress-strain response. The curve increases much faster, and the ultimate tensile strength is five times higher than for the valvular tissue. The stressstrain behavior of the fixed pericardium shows a strong increase of elasticity, which is exhibited in a very high elongation at break, and a low elastic modulus. However there is still a substantial deviation to the mechanical properties of valvular tissue.
Image 1 Stress-strain response of native porcine pericardium for different parameters in tensile tests: Variation of sample width (a), variation of strain rate (b).
Image 2 Stress-strain response of native (red) and GAfixed (blue) porcine pericardium, and porcine aortic valvular leaflets (black). Dotted lines indicate standard error.
For a quantitative comparison of material properties, elongation at 0.5 MPa tensile stress, secant und final modulus, ultimate tensile strength, as well as elongation at break were extracted from the curves, see Table 1 . The final modulus of all pericardial samples is much higher than for the valvular tissue. In particular native pericardium shows a five time higher final modulus. The strain at 0.5 MPa shows a different behavior. Here the value from native pericardium is much smaller compared to the valvular tissue, whereas fixed pericardium has a much higher strain at 0.5 MPa. Hence, GA-fixation leads to increased elastic characteristics of the pericardium. This behavior can also be seen with the elongation at break, which is two times higher for the fixed pericardium, as compared to native pericardium and valvular tissue.
Aortic valve
Native pericardium 18,2 ± 1,9 8,6 ± 1,5 Ultimate tensile strength [MPa] 4,0 ± 2,6
GA-fixed pericardium
9,4 ± 1,7 9,5 ± 1,9 
Conclusion
Identification of the biomechanical properties of porcine aortic valvular leaflet and pericardial samples could be accomplished in uniaxial tensile tests. First, it was investigated, if the stress-strain response is depended on sample width and strain rate. Both tests with varying parameters showed no substantial differences. Second, native and GA-fixed porcine pericardial samples were tested in reference to porcine aortic valvular leaflet tissue. Native pericardium appeared quite stiff as compared to the mechanical properties of the native valvular tissue. However, by fixing the native pericardium with 4% GA the mechanical properties could be shifted to a more elastic behavior. The presented preliminary tests could demonstrate that porcine pericardial tissue can exhibit biomechanical properties in the range of aortic valvular leaflet tissue. In order to further match the behavior of GA-fixed pericardial with native valvular tissue the fixation parameters will have to be further adjusted. Altogether, the results indicate the suitability of GA-fixed porcine pericardial tissue for application in biological heart valve prostheses.
